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This thesis examines the transformer connections that can be used 
in the new 138-12.47 kV substations on the Union Electric power system. 
The object is to determine if a zero phase shift transformer without a 
delta connected tertiary winding can be used and economically justified. 
Traditionally a delta winding has been automatically included for this 
application without taking engineering time and effort to study all 
ramifications including possible dollar savings available with other 
connections. Three transformer manufacturers supplied technical and 
cost data which are analyzed, based on Union Electric system conditions. 
Consideration of relaying, harmonics and unbalanced loading shows that 
the delta winding is not required and that a more reliable, less expensive 
transformer can be used. Based on this study it is concluded that the 
grounded wye-grounded wye transformer is the proper transformer to use 
at Union Electric 138 - 12.47 kV substations. 
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I. INTRODUCTION 
In order to properly introduce this subject, a brief description is 
given of Union Electric Company's system as related to transformer con-
nections and grounding. 
The pertinent portion of the Union Electric system is composed of 
(Figure 1): (1) a 138 kilovolt (kV), three wire, transmission network 
(with power plants and neighboring utilities connected to this network), 
(2) a 34.5 kV, three wire, radial subtransmission system, and (3) a 12.47 
kV and 4.16 kV, four wire, radial distribution system. A 345 kV trans-
mission network has begun to overlay the existing transmission system. 
New power plants and major interconnections are now being connected at 
this higher voltage. 
The usual Union Electric transformer connection is delta on the 
source side and grounded wye on the load side. This holds true from 
generator to 138 kV, 138 kV to 34.5 kV and 34.5 kV to either 12.47 kV or 
4.16 kV. On the radial systems (34.5, 12.47 and 4.16 kV) the grounded 
wye on the load side provides the single ground source for all ground 
faults on a feeder. However, on the 138 kV network the grounded wye of 
the power plant transformers provides the grounding sources for the net-
work. The 345 kV transmission ties to the 138 kV network provide addi-
tional ground sources due to the grounded wye connection of the 345 to 
138 kV autotransformers used at those locations. 
It has been determined that part of the Union Electric 12.47 kV 
service area could be more economically served by 138 kV to 12.47 kV 
substations rather than 34.5 kV to 12.47 kV. The advantage of this 
method of serving the 12.47 kV area is the reduced expansion of the 


































Figure I. Simplified One- Line Diagram of a Typical 
Portion of the Un1on Electric System . 
supply the 12.47 kV system from 138 kV there are four major items that 
influence the type transformer to be used. They are: transformer 
size, phase relationship, fault level and grounding. These will each 
be briefly discussed. 
The transformer size to be used is a function of load density, 
maxUnum feeder size and the ultimate number of transformers to be in-
stalled at any one substation. On the Union Electric System the base 
size will be an 18/24/30 MVA 55°C rise transformer. Should the load 
density warrant more capacity at one substation, a 36/48/60 MVA, 
double secondary, transformer will be used. This is the ultimate size 
and up to three transformers will be installed at one substation. 
The phase relationship of the 12.47 kV supplied from the 138 to 
12 kV substation must be the same as the existing 12.47 kV system. 
This is necessary in order to be able to tie together 12.47 kV feeders 
from different substations without dropping load. As the phasors 
shown in Figure 1 indicate, the 12.47 kV system phases are shifted 30 
degrees ahead of the 34.5 kV system. This is due to the 34.5-12.47 kV 
delta-wye transformation. The 34.5 kV system phases are shifted 30 
degrees behind the 138 kV system due to the 138-34.5 kV delta-wye 
transformation. This makes the 12.47 kV system in phase with the 138 
kV system and therefore requires that the 138 kV to 12.47 kV trans-
formers have zero phase shift. The transformer connections with zero 
phase shift are: wye-wye, delta-zig zag, delta-delta and auto trans-
former. At this point the delta-delta transformer will be eliminated 
from consideration because an effectively grounded system is desired. 
To provide grounding with the delta-delta transformer would require 
the addition of a low side grounding transformer which would add 
3 
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appreciably to the cost. The other transformer connections with zero 
phase shift will be considered. 
The fault level at the 12.47 kV bus of the substation must be 
compatible with existing distribution feeder devices such as fuses and 
reclosers. To prevent extensive replacement of this distribution equip-
ment it has been agreed to set the following limits for fault current 
at the substation bus: 
Phase to ground 5,700 amperes symmetrical 
Three phase 8,500 amperes symmetrical 
Consideration will be given to current limiting reactors as well 
as transformer impedances in order that the fault current level is 
within these limits. 
The 12.47 kV system must be maintained as an effectively grounded 
system. AlEE Standard No. 32, May 1947, defines effective grounding 
as follows: 
·~ system or portion of a system can be said to be 
effectively grounded when for all points on the system or 
specified portion thereof the ratio of zero sequence re-
actance to positive sequence reactance is not greater than 
three and the ratio of zero sequence resistance to positive 
sequence reactance is not greater than one for any condition 
of operation and for any amount of generator capacity." 
In addition to maintaining an effectively grounded distribution 
system, consideration must be given to the effect of the transformer 
connection and impedances on the grounding of the 138 kV network. As 
mentioned earlier, the existing 138 kV network has ground sources only 
at power plants and major substations with autotransformers. The 
addition of 138 kV ground sources at numerous 138 kV to 12.47 kV sub-
stations could complicate the 138 kV relaying enough to eliminate any 
connection that produces 138 kV grounding. 
5 
Consideration will also be given to the fact that the distribution 
system has considerable phase-to-neutral load that can cause unbalanced 
loading of the transformer. The transformer should be capable of 
operating with any expected unbalance condition. 
The purpose of this study is to determine the best transformer 
connection to use in the 138 kV to 12.47 kV substations, weighing 
costs against the outlined technical considerations. 
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II. REVIEW OF LITERATURE 
Over the years there have been numerous books written about three 
phase transformers and their applications. Two of the more modern books 3 ' 4 
discuss the various winding connections possible in three phase trans-
formers. However, no definite recommendation is made as to one type of 
connection always being superior to another. It is pointed out that 
economics and system conditions should dictate which will be the best 
connection to use. 
. 5 8 11 Various technical papers and art1cles ' , have been published con-
cerning the use of wye-wye transformer connections. They all mention 
possible problems with this connection when a delta tertiary winding or 
core-type construction is not used. 
Even with this literature available, it does not answer the basic 
question: What is the best connection for a given system to use weighing 
costs against technical considerations? 
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III. TRANSFORMER IMPEDANCES AND CONNECTIONS 
A. General Explanation 
One of the most important considerations is the impedance of the 
transformer. Impedance can be determined by test on a completed 
transformer, and by calculation based on a particular design. Imped-
ances are related to losses, real and reactive, that can be attributed 
to the core and windings of a transformer. Losses attributed to the 
core (no-load losses) are a result of exciting the core and are the 
nature of a shunt impedance consisting of power loss (eddy current and 
hysteresis) and reactive loss (magnetization of the core). These 
losses are measured by applying full voltage to the primary of the 
transformer with the secondary open circuited and recording watts, 
current and voltage. For purposes of system studies these exciting 
losses are sometimes neglected if they are very low (high impedance) 
as compared to the load losses. The losses attributed to the winding 
(load losses) are the result of supplying a secondary load and are the 
nature of a series impedance consisting of power loss (I2R copper loss) 
and reactive loss (magnetization of the space between primary and 
secondary windings or leakage reactance). Those losses are measured 
with the secondary short circuited and rated current forced in the 
primary. The voltage and watts input necessary to force rated current 
constitute the impedance volts and impedance watts of the transformer, 
respectively. 
An equivalent circuit is used to represent the impedance of the 
transformer for purposes of system studies such as short circuit, load 
flow, and voltage drop. For three phase systems these studies are 
normally done on a single phase basis and an equivalent "T" is coumonly 
used to represent the transformer. The shunt branch represents the 
excitation characteristics and the series branches represent the 
primary and secondary I 2 R loss and leakage reactance. 
Transformer impedance is usually given as a percentage rather 
than ohms or volts because it is more convenient. Percent impedance 
is the same whether considered from the high or low voltage side of 
the transformer and regardless of the voltage rating. When expressed 
as a percentage, the impedance of conventional transformer is within 
a fairly narrow band usually 2 - 16 percent depending on transformer 
size. The percent impedance is: 
X z = Lmpedance volts X 100 Rated terminal volts 
where the impedance volts is the voltage required to force rated 
current in the primary with the secondary short circuited. The per-
cent resistance is: 
% R = Lmpedance watts X 100 Rated voltamps 
where the impedance watts is the input (load loss watts) occurring 
when forcing rated current in the primary with the secondary short 
circuited. The percent reactance can then be determined from: 
(7..R) 2 
The method just described for determining impedance is based on 
test data. The impedance could also be pre-calculated based on a 
particular transformer design. Further discussion of calculating 
methods is not necessary for purposes of this paper but several books 
have the details. 3 ' 4 
Impedance tests refer not only to two-winding (per phase) trans-
formers but to multi-winding and autotransformers as well. With any 
8 
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one winding shorted and with full load current forced into any other 
winding, the Unpedance volts and watts between those two windings is 
determined. To obtain the equivalent impedance to represent each 
winding in a single phase equivalent circuit it is only necessary to 
use the following relationships (three-winding transformer assumed): 
Zp = (Zps + Zpt - Zst)/2 
where Zps• Z8 t, Zpt are the ~pedances from the tests and Zp, Zs and Zt 
the equivalent circuit representation of the winding ~pedances for 
primary, secondary and tertiary windings respectively connected in a 
~e configuration. 
These equations are developed from the simultaneous solution of 
the following equations: 
Zps • Zp + Zs 
Zpt = Zp + Zt 
Zst = Zs + Zt 
All these impedances are in percent (or per unit) on the same kVA 
base. For details of percent or per unit quantities see reference 18. 
For use on a three phase system, transformer windings may be con-
nected either in ~e or in delta with the delta connection the more 
obvious one based on single phase practice. However, it was dis-
covered that the wye connection, with the neutral point grounded, 
could provide several advantages. Some of these are: 
1. Reducing insulation required along the winding from line to 
neutral, 
2. Limiting voltage to ground during line-to-ground faults, 
3. Connecting loads line-to-neutral. 
The wye connection also introduces problems: 
1. Provides path for zero sequence harmonic currents, 
2. Determining impedance (zero sequence) to line-to-ground 
fault current. 
A delta connected winding can be used to minimize some of these 
10 
problems, particularly in regard to the flow of zero sequence harmonic 
currents. 
In the construction of a three phase transformer there are two 
basic types of core-winding configurations, (1) Shell type and (2) 
Core type. Figure 2 illustrates these two types of construction. 
Note that in the Shell type the winding is surrounded by the core and 
in the Core type the core is surrounded by the winding. The Shell 
type can be likened to three single phase units since the flux path is 
entirely within the iron core. 
To find the short-circuit current and voltages, the determination 
7 ~ 
of the positive, negative and zero sequence impedances is required. ' 
The positive sequence Unpedance (Zl) is the impedance that a symmet-
rical three phase circuit offers to the flow of a balanced symmetrical 
three phase positive sequence set of currents. This is the same as 
the commonly understood impedance of three phase circuits. The 
negative sequence impedance (Z2) is the impedance that a symmetrical 
three phase circuit offers to the flow of a balanced symmetrical three 
phase negative sequence set of currents. This is the same as Z1 
except for rotating machinery where they will generally be different. 
The zero sequence impedance (Z0) is the impedance that a symmetrical 
three phase circuit offers to the flow of a symmetrical zero-sequence 
11 
THREE PHASE CORE- TYPE TRANSFORMER 
THREE PHASE SHELL- TYPE TRANSFORMER 
Figure 2. Core -Winding Configurations 
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set of currents (currents equal to, and in phase with, each other in 
all three phases). The magnetic field produced by the zero sequence 
set of currents is likely to be radically different from those pro-
duced by positive or negative sequence currents and therefore z0 , in 
general, may be very different from z1 and z2 • In transformers, when 
the zero sequence currents flow in only one winding per phase (e.g. 
primary but not secondary) without corresponding neutralizing ampere-
turns in another winding, the reactance offered will be very high. 
When zero sequence currents flow in two windings per phase (e.g. 
primary and secondary) with equal and opposite ampere turns, the zero 
sequence reactance is a leakage reactance between those two windings. 
For single phase and shell type units the zero sequence impedance will 
be essentially equal to the positive and negative but for three phase 
core type units it may be considerably less because part of the flux 
path is in air. 
In transmission lines, zero sequence currents must return either 
through the ground, or through the neutral wire, or through both; and 
therefore, the zero sequence impedances of transmission lines are 
likely to be many times the positive sequence impedances. In gen-
erators, the zero sequence impedance is less than the positive or 
negative sequence impedances. 
The tests for sequence impedances of transformers are the same as 
described previously except the appropriate sequence current is used 
for positive, negative and zero sequence impedance determination. For 
positive and negative sequence a three phase current source is used. 
Since the negative sequence current is just the reverse rotation of 
positive sequence, the positive sequence test is sufficient for both. 
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For the zero sequence test a single phase source is used and all wind-
ings are connected together so that current of the same phase and mag-
nitude will flow in each winding. 
Since zero sequence currents are in each phase and are equal to, 
and in phase with, each other in all three phases, they must have a 
return path to the source. Positive and negative sequence currents, 
being equal but 120° apart in each phase, do not require a return path. 
This leads us into the subject of connections for three phase trans-
formers or three-single phase transformers. Any connection that does 
not provide a return path for zero sequence currents has infinite im-
pedance to zero sequence currents since they cannot flow. Therefore, 
both the delta and the ungrounded wye connections offer infinite im-
pedance to zero sequences currents and are thus an open circuit in the 
zero sequence impedance equivalent circuit. Figure 3 shows the zero 
sequence equivalent circuit for various transformer connections. 10 
It should be pointed out that in the zero sequence equivalent circuit 
the designations H, L and M are used to represent the high voltage 
{primary), low voltage (secondary) and medium voltage (tertiary) wind-
ings respectively. The ~pedance ZMO is used to represent the zero 
sequence impedance of the tertiary connected to the zero sequence 
reference bus. This tertiary impedance is determined by tests as 
described previously. The exciting impedance is neglected. However, 
for connections without a tertiary the impedance ZKO is the exciting 
impedance as determined by zero sequence no load tests. The positive 
and negative sequence impedance equivalent circuit is a series im-
pedance consisting of the I 2 R loss and leakage reactance for positive 
and negative sequence currents. The exciting shunt impedance is 
CONNECTION EQUIVALENT CIRCUIT 
ZERO SEQUENCE REFERENCE 
H 
<J "fi_~G ~L Ho 
DELTA - GROUNDED WYE 
H y C>T"'i~G ZM~ Ho . L 
LO G 
UNGROUNDED WYE GROUNDED WYE WITH TERTIARY 
H y nG ZMO~ Ho 
ZLO 3ZG L 
UNGROUNDED WYE GROUNDED WYE 
~ Ho ZHO LO 3ZGL L 
GROUNDED WYE - GROUNDED WYE WITH TERTIARY 










AUTOTRANSFORMER - GROUNDED WYE 
H 
I 








B. Manufacturer's Data 
The transformer connections to be considered are: wye-wye, delta 
- zig zag, and autotransformer. There are four different wye-wye con-
nections which are applicable: (1) ungrounded wye - grounded wye with 
a delta tertiary, (2) ungrounded wye - grounded wye, (3) grounded 
wye - grounded wye with a delta tertiary, and (4) grounded wye -
grounded wye. The autotransformer connections which can be considered 
are: (1) grounded wye - grounded wye with delta tertiary and (2) 
grounded wye - grounded wye. 
To determine the ~pedances of an 18/24/30 MVA transformer with 
each of the above connections, three transformer manufacturers were 
asked to provide data6 ' 9 , 16 • Based on the review of the literature, 
only core type construction was considered for connections without 
delta windings. Table I shows the impedance data from Central Moloney 
which is representative of the data provided by the other manufacturers. 




Winding Connection 1o ImEedance 18 MVA 
High - Low - Tertiary ZHo ZMO ZLO 
Ungrounded Wye - Grounded Wye - Delta Infinite 15.1 -1.1 
Ungrounded Wye - Grounded Wye - None Infinite 35.0 11.0 
Grounded Wye - Grounded Wye - Delta 8.5 15.1 -1.1 
Grounded Wye - Grounded Wye - None 0 35.0 11.0 
Delta - Grounded Zig Zag - None Infinite 0 1.4 
Autotransformer 
Grounded Wye - Grounded Wye - Delta 8.5 8.5 -1.0 
Autotransformer 
Grounded Wye - Grounded Wye - None 0 50.0 9.0 
Positive sequence impedance is 10.2% for all connections. 






The 138 kV system minimum positive sequence impedance to the trans-
former high voltage terminals will be 0.2% (18 MVA base). The trans-
former positive sequence impedance as shown in Table I is 10.2% for 
all connections. With these impedances, the maximum three phase fault 
available at the transformer low side is: 
I = 18,000 kVA X 100 8029 3~ V3x 12.47 kV x (0.18 + 10.2)% = amperes 
This is well below the 8500 amperes maximum and will allow for toler-
ance in the transformer impedance. 
The zero sequence impedance required to the transformer low side 
can be determined: 
I 3 X 18 1000 kVA X 100 5700 t1t. d • ,Pr Zo) • amperes v-gr VJ x 12.47 kV X (2Zl + 
Since Z1 = 0.2 + 10.2 • 10.4% 
Zo = 3 X 18 1000 kVA X 100 - ( 2 X l0. 4 %) 
'{3 X 12.47 kV X 5700 
z0 = 44.0 - 20.8 = 23.2% 
By referring to the zero sequence equivalent circuits of the 
various transformer connections (Figure 3) it can be seen that the 
connections with the high side grounded wye, the system z0 adds to the 
transformer ZHo· With the high side ungrounded wye or delta there is 
an "open" in the high side connection. The transformer ZMO is con-
nected to the reference bus in the zero sequence network. Figure 4a 
shows that for low side ground faults, with the high side connected 
grounded wye, there are two paths for zero sequence current to flow: 
(1) thru the system z0 and transformer ZHo and (2) thru the trans-
former ~o· Figure 4b shows that with the high side connected un-
grounded wye or delta the only path for zero sequence current is thru 
ZERO SEQUENCE REFERENCE BUS 
z 0SYSTEM 
a) High Side Grounded Wye 
ZERO SEQUENCE REFERENCE BUS 
b) High Side Ungrounded Wye or Delta 
Figure 4. Zero Sequence Networks 
FAULT 
FAULT 
for Transformer Low voltage 
Ground Fault 
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the transformer ZMO· Of course the low side UDpedance (transformer 
ZLo• neutral impedance and distribution system impedance) must be 
added to the point of fault. For autotransformers, a portion of the 
neutral impedance is added to each branch of the zero sequence equiv-
alent circuit as shown in Figure 3. The calculations have shown that 
for a transformer positive sequence impedance of 10.21. the total zero 
sequence ~pedance must not be less than 23.21. to the point of fault. 
Data from the manufacturers (Table I) shows that only the un-
grounded wye - grounded wye connection has sufficient zero sequence 
impedance: 
Zo • ZMO + ZLO 
z0 = 35.0 + 11.0 = 46.01. 
However, the x0 to x1 ratio for this connection is: 
Xo _ 46.0 
- 4.4 Xl 10.4 
which is above the max~ of three that is required for an effec-
tively grounded system. The ungrounded wye - grounded wye can be 
elLminated from consideration because it does not satisfy the ground-
ing requirement. 
The other connections can, by the addition of neutral Lmpedance, 
meet the grounding requirements if the impedance added is in the form 
of reactance. The required 12.47 kV neutral reactance for each con-
nection is shown in Table II. For the high side grounded wye connec-
tions, the system Zo is assumed to be 0.44 (on 18 MVA base), the min-
imum expected anywhere on the Union Electric 138 kV system. The 
19 
neutral reactance shown in Table II will provide a total zero sequence 
impedance to the transformer low side of 23.21., the amount required to 
TABLE II 
12.47 kV Neutral Reactances Required 
Winding Connection 
High - 12!! - Tertiary 
Ungrounded Wye - Grounded Wye - Delta 
Grounded Wye - Grounded Wye - Delta 
Grounded Wye - Grounded Wye - None 
Delta - Grounded Zig Zag - None 
Autotransformer 
Grounded Wye - Grounded Wye - Delta 
Autotransformer 
Grounded Wye - Grounded Wye - None 
Conditions assumed: 
1) Transformer impedances per Table I 
2) System Zl = 0.2~ (18 MVA base) 








3) The combination of system and transformer zero 
sequence impedances to the transformer low side 
must equal 23.24 
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have the 5700 ampere maximum fault current. and the x0 to x1 ratio 
will be: 
Xo a 23.2 = 2.23 
x1 10.4 
For the grounded wye - grounded wye connection without a tertiary 
winding. the neutral impedance could be added to either the 138 kV 
neutral or the 12.47 kV neutral. However, the large size neutral 
reactor required for the 138 KV neutral eliminates this method from 
consideration because the cost is three to four times the cost of a 
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12.47 kV reactor. For the grounded wye - grounded wye connection with 
tertiary it is not possible to sufficiently limit fault current by the 
addition of a 138 kV neutral reactor because of the low value of the 
transformer impedance ZMO• 
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IV. RELAYING 
A. Union Electric Relay Schemes 
It is necessary to consider protective relaying because the 
transformer connection and grounding method affect the fault current 
magnitudes and distribution. Basic relaying principles will not be 
attempted but the reader is referred to references 1 and 15 for basic 
information. 
1. Transmission Lines 
Typical protective relaying at each Union Electric 138 kV 
transmission line terminal includes phase distance relays to 
detect three phase and phase-to-phase faults and directional 
overcurrent ground relays for line faults involving ground. 
Local breaker failure backup is provided at all 138 kV sub-
stations. 
The phase distance relays are provided in a zone package 
using either General Electric type CEY or Westinghouse type KD 
impedance relays. "Zone package" refers to the use of a single 
relay that includes one zone of protection for all three phases. 
Figure 5 shows these relays (device 21) with a Zone 1 and Zone 2 
connected to one set of current transformers (CT's) and a second 
Zone 2 to another set of CT's. Zone 1 is set to operate for 
faults up to approximately 901 of the distance to the remote 
terminal and operates without time delay to trip the circuit 
breaker. The Zone 2 relays are set to be assured of operating 
for faults anywhere on the line and trip the breaker after a time 
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Figure 5. Transmission Line Relaying 
lines to be cleared by their own bus differential or Zone 1 
relays. Because local breaker failure backup relaying is used, 
line relays are not required to operate for faults beyond the 
remote bus. The use of the second Zone 2 on separate CT's pro-
vides for CT or relay failure. 
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A separate directional ground overcurrent relay (device 67N) 
with directional instantaneous is used on each set of CT's. The 
time element is set to: (1) coordinate with directional ground 
relays on other lines off of the remote bus and (2) operate for 
end of line faults with mintmum fault conditions. The instan-
taneous element is set to not operate for faults at the remote 
bus with max~ fault conditions. 
If the line is closely mutual coupled to another line orig-
inating at the same substation, a distance ground relay may be 
used in place of one of the directional ground overcurrent relays 
because the distance relay can be compensated for the effect of 
mutual coupling and can therefore be set more accurately. 
Pilot relaying may be used: (1) when the protected line is 
so short that remote Zone 2 relays must coordinate with the pro-
tected line Zone 2 relays resulting in long clearing times or 
impossible coordination or (2) when fast clearing is required to 
maintain system stability. The pilot relay schemes used at Union 
Electric are generally either of two types. For long trans-
mission lines (approximately 10 miles or more) directional com-
parison power line carrier is used. For short lines a permissive 
overreaching scheme is used with audio tones over leased telephone 
circuits. With either scheme if each terminal of the protected 
lines sees the fault within the protected line, then high speed 
simultaneous tripping will occur at all terminals. 
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Most transmission lines have one or more transformers tapped 
to them. Generally, the impedance of the transformer is large 
enough to prevent the transmission line relays from operating for 
transformer low voltage faults. Coordination with transformer 
relays is not usually required since high speed relaying (in-
stantaneous overcurrent, differential and/or sudden pressure) is 
used to detect transformer faults. 
2. Bulk Substations 
The typical bulk substation transformer at Union Electric is 
rated 100 MVA and connected 138 kV delta to 34.5 kV grounded wye. 
One substation may consist of as many as four of these units with 
not more than three operating in parallel. The transformer relay-
ing as shown in Figure 6 consists of transformer differential 
relays (device 87) either General Electric type BDD or Westing-
house type HU, and a sudden gas pressure relay (device 63). The 
overcurrent relays (devices 51 and 51N) provide backup protection 
for failure of 34.5 kV feeder breakers or bus or transformer 
differential relay failure. Generally a 138 kV transformer 
breaker is not used. The transformer faults must be cleared by 
tripping the remote breaker. This is accomplished by operating 
a 138 kV fault initiating switch which causes a phase-to-ground 
fault that is easily seen by the remote terminal ground relays. 
Backup, for failure of the ground switch, is provided by opening 
the 138 kV disconnect switch after a time delay. The reactor 
shown in the 34.5 kV neutral is sized to reduce voltage dips for 
DEVICE LIST 
51- TIME OVERCURRENT 
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51N- GROUND TIME OVERCURRENT 
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phase-to-ground faults but is small enough to allow use of 
30 kV surge arresters on the 34.5 kV system. 
3. Distribution Substations 
The typical distribution substation transformer is rated 
10 MVA and connected 34.5 kV delta to 12.47 kV grounded wye. 
One substation may consist of as many as three of these units 
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and they are not normally operated in parallel. These transformers 
are not protected locally but are considered part of the 34.5 kV 
line. Therefore, transformer faults must be cleared by the 34.5 
kV breaker at the bulk substation. When the 34.5 kV line relays 
are unable to see transformer low side faults due to high con-
ductor impedance, a set of overcurrent relays (devices 50/51 and 
50N/51N) are installed at the transformer. These operate a 34.5 
kV fault initiating switch which causes tripping of the remote 
breaker (see Figure 7). For economic reasons, transformer 
differential and sudden pressure relays are not used on trans-
formers at 34.5 kV distribution substations. 
B. Effect of Transformer Connections on Relaying 
There are two connections under consideration that, for relaying 
purposes, can be treated the same as the delta-grounded wye connection 
currently being used. They are the ungrounded wye-grounded wye with 
delta tertiary and the delta-grounded zig zag. These connections 
would not provide a ground source for 138 kV ground faults because 
there is no path for zero sequence current to flow (Zao = infinity). 
S~ilarly, low side ground faults would not cause zero sequence 
current to flow in the high side system. 
The other connections being considered do provide a path for zero 
BULK SUBSTATION 
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Figure 7. Distribution Substation Transformer Relaying 
29 
sequence currents between the high and low voltage systems. The 
ground source effect would be greatest with connections having a 
tertiary due to the relatively small value of ZMo (see Table I). The 
amount of zero sequence current supplied to 13S kV ground faults will 
be approximately inversely proportional to the UDpedance ZHO + ZMo. 
To study the effect of connecting transformers to a 13S kV line, 
the simplest system possible is used. The minimum system required is 
the 13S kV line with equivalent generation at each end (FigureS). For 
this study, impedances for a line 20 miles long will be used. The 
equivalent system zero sequence impedances chosen will determine how 
much zero sequence current will be contributed to 13S kV ground faults 
by the transformers. In the zero sequence equivalent circuit the 
source zero sequence impedances will be in parallel with the trans-
former impedance (ZHo + ZM0). The higher the system Zo the more 
current the transformer provides relative to what the system provides. 
Figure Sa shows the line without transformers connected. A 
phase-to-ground fault at Terminal B results in the indicated steady 
state fault currents and voltages. The system equivalent impedance 
used in the example are higher than would normally be found in the 
metropolitan area of the Union Electric system and will therefore give 
worst case conditions. 
In Figure Sb the system conditions are the same as in (Sa) but 
three transformers have been connected to the line near Terminal A. 
For a fault at B, this will give a worst case condition since the 
zero sequence current contribution from the transformers will cause 
a resultant voltage that will be measured by distance relays at A but 
the current causing that voltage will not be measured. The 
x, =0.009 
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c) Three Grounded Wye -Grounded Wye Transformers with 
12.4 7 kV Neutral Reactors 
NOTE: ALL VALUES IN PER UNIT ON 18 MVA BASE 
Figure 8. Effect of Transformers O_!l Relaying 
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transformer connection used in this example is the grounded wye auto-
transformer with tertiary since that is the smallest Zao + ZMo· 
Figure 8c is the same except the transformer has been changed to 
the grounded wye - grounded wye connection. 
If an instantaneous ground overcurrent relay were located at 
Terminal A, it would have to be set to~ operate for a ground fault 
at Terminal B since relays at "A" must coordinate with relays at "B" 
on other lines. A time ground overcurrent relay at "A" will operate 
to clear line ground faults not seen by the instantaneous relay. It 
can be seen from the figures that the value of 3Io seen by the relays 
at "A" will vary considerably depending upon whether the transformers 
are on the line or which connection is used. This means that these 
transformers cannot be ignored when setting the overcurrent relays. 
If a ground distance U.pedance or reactance relay were used at 
Terminal A the apparent tmpedance seen by the relay would vary con-
siderably depending on the transformers. To measure impedance the 
relay senses both current and voltage. For the fault, at "B" the 
relay would measure incorrectly since the current the relay gets 
would not include the zero sequence current contribution from the 
transformers but the voltage sensed would include the zero sequence 
voltage. This would make the impedance the relay measures higher 
than the actual Unpedance and result in underreach. For the example 
shown in Figure Be the impedance seen by the relay is only 108~ of the 
actual line impedance. This amount of underreach is well within the 
125 - 1504 margin normally used for Zone 2 ground relay settings. For 
the autotransformer connection used in Figure 8b the relay will see 
114X of the actual line impedance. The use of this connection might 
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require consideration in the Zone 2 setting. 
Another possible problem is the 138 kV ground relay "seeing" low 
side (12.47 kV) faults at the distribution substation. The impedance 
of an individual transformer is sufficiently large so that 12.47 kV 
faults will not give enough current to operate ground overcurrent or 
distance relays at Terminal A. However, on pilot relay schemes the 
overreaching ground relay is usually set arbitrarily on the mintmum 
relay tap. If this setting sees 12.47 kV faults it will have to be 
raised to prevent pilot tripping of the 138 kV line. Sufficient fault 
current is generally available so that raising the overreaching relay 
setting will not cause a problem. 
It would be nice if the transformers connected to 138 kV lines 
were not a ground source. This makes the ungrounded wye-grounded wye 
with delta tertiary and the delta-zig-zag more desirable. However, 
the problem is not of sufficient magnitude to -preclude the use of 
other connections. No additional relaying equipment is required for 
other connections, only the inconvenience of possibly considering them 
in the setting calculations. The examples used in this study are 
worst case conditions. Normal conditions will be such that with any 
connection relay settings will not be affected. 
C. Relaying Scheme at the 138-12.47 kV Substation 
For the transformer connections being considered, there is no 
relationship between the connection used and the relaying required. 
All of the connections provide similar 12.47 kV grounding conditions. 
The ground connection, or lack of, on the 138 kV side of the trans-
former does not require consideration in the substation relaying 
scheme. There are no sources of generation on the 12.47 kV system to 
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provide backfeed to the 138 kV system and the 12.47 kV bus ties are 
open, preventing backfeed from adjacent transformers. For 138 kV 
ground faults the ground source effect of a high side ground connection 
disappears when all 138 kV line terminals clear the fault, therefore 
no clearing is necessary at the 138 - 12.47 kV substation. 
However, because of the voltages involved and because of the size 
of the transformer, the substation relaying required will need to be 
somewhat different than either the typical bulk substation or the 
typical distribution substation. Figure 9 is a one line diagram that 
shows a relaying scheme that includes features of schemes in use at 
both types of substations. The coordination curves for this scheme 
are shown on Figure 10. 
Starting at the 12.47 kV bus, devices 51 and 51N provide bus pro-
tection and backup for the 12.47 kV outgoing feeders. Two device 51's 
and one device 51N are sufficient to see all types of faults. The 
device 51 minimum-to-operate must be set high enough to carry the 
emergency load rating of the transformer and therefore will not pro-
vide good feeder backup protection. However, the 51N minimum-to-
operate need only be set to coordinate with the individual outgoing 
feeder relays. 
The transformer is protected by a sudden gas pressure relay 
(device 63) which has proven to be a reliable device. However, device 
63 operates only for transformer internal faults. Additional relaying 
is required to see transformer low side bushing and bus duct faults. 
Device 51N in the transformer low side neutral and device 50/51 in the 
high side phase leads provide this external protection and also backup 
device 63 for internal faults. They also provide backup for low side 
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Figure 10 . Relay Coordination Curves 138-12.47 kV Substation 
devices 51 and 51N. A transformer differential relay could be used 
but does not seem to be necessary and is not generally applied on the 
Union Electric system unless the transformer is 50 MVA or larger. By 
judicious separation of d-e control circuits, this scheme will provide 
complete backup at minimum cost. 
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V. HARMONICS AND UNBALANCED LOADING 
A. General Explanation 
1. Harmonics 
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When a pure sine wave voltage is applied to any transformer 
the transformer exciting current will contain odd harmonics of 
varying amounts because of the non-linear characteristic of the 
saturation curve of the transformer. In a symmetrical system the 
relative phase position of a particular harmonic compared to the 
fundamental can be determined, by multiplying the angle of each 
phase of the fundamental by the number of the harmonic.5 This is 
shown for a three phase system in Table III. It can be seen that 
the harmonics have phase rotations of either positive, negative 
or zero. The harmonics with positive and negative phase rotation 
or sequence will add to zero at the neutral of a wye connected 
transformer because of the 120 degree phase displacement of each 
phase. However, the harmonics with zero phase rotation will add 
together at the neutral, if the neutral is grounded, because the 
currents are in-phase. If the neutral is not grounded the cur-
rents of these harmonics cannot appear in the lines due to the 
lack of a circuit path. However, there will be harmonic voltages 
appearing from line to neutral because of transformer magnetiza-
tion. The maxUnum amount of each harmonic component in the ex-
citing current, based on transformer iron in current use, is 
shown in Table IV. 3 
TABLE III 
Sequence Characteristics of Odd Harmonics 
Displacement Per Phase 
Harmonic A B c 
Fundamental oo 120° 240° 
Third oo 3xl20° 3x240° 
(=00) (=00) 
Fifth 00 5xl200 5x2400 
( =- 1200) ( =- 2400) 
Seventh oo 7xl20° 7x240° 
(=1200) (=2400) 
Ninth oo 9xl20° 9x240° 
(=00) (-=QO) 
Eleventh oo llxl20° llx240° 
(=-1200) (=-2400) 
TABLE IV 
Harmonic Content of Exciting Current 
Maximum Percent 






















The harmonic components that are of zero sequence are of 
primary importance because, in a grounded system, they appear as 
ground current, returning to the sources over available ground 
paths. Also, positive and negative sequence currents, being 
balanced, will generally not induce unwanted voltages in 
adjacent communication circuits. This is why the third, ninth, 
etc. harmonics can be a problem. 
The long established method of limiting the magnitude of 
zero sequence harmonics appearing outside a transformer is to 
connect a winding in delta. The delta provides a low impedance 
path for circulation of zero sequence harmonics of the exciting 
current as well as 60 hertz zero sequence currents. Therefore, 
transformer connections under consideration with delta con-
nected windings would not cause a problem due to harmonics of 
zero sequence. 
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It must now be determined how much zero sequence harmonic 
current will flow in the system as a result of not having a delta 
connected winding. The connections remaining under study without 
a delta winding are the grounded wye - grounded wye and the 
grounded wye autotransformer without tertiary. 
As indicated previously the third harmonic current could be 
as much as 60 percent of the total exciting current and the ninth 
harmonic, 10 percent. Other zero sequence harmonics can be 
ignored. In present day transformers the exciting current will 
normally be less than 0.75 percent based on the self cooled rat-
ing and 100 percent voltage. 14 The amount of exciting current is 
generally not affected by the transformer connection but by the 
size of the core. This means that the third harmonic current 
flowing in the system because of an 18 MVA 138-12 kV transformer 
will be: 
IJrd c 60% x 0.7SX • 0 0045 per unit 100 100 • 
To determine the distribution of the third harmonic current 
in the system we must use the zero sequence impedance diagram 
corrected for 180 hertz. The 12.47 kV system becomes a path for 
third harmonic current because of phase-to-ground connected 
capacitors. 
Because of the low zero sequence impedance of the 138 kV 
system and ZHO of the transformer, most of the third harmonic 
current flowing as a result of the transformer will flow in the 
138 kV system particularly if there are no shunt capacitors in 
12.47 kV system. But, as a general rule, shunt capacitors will 
be applied to most overhead 12.47 kV feeders. In fact, 
capacitors are applied in the metropolitan St. Louis area at the 
ratio of about 4.4 MVAR of capacitors to 10.0 MVA of load. This 
means that for a load at the transformer top rating of 33.6 MVA, 
the total shunt capacitors per transformer could be: 
4.4 MVAR 
10 MVA X 33.6 MVA = 14.78 MVAR 
or 4.93 MVAR per phase 
in microfarads: 
= 4930 kVAR x 109 = 252 microfarads 
C 2 x II x 60 hz x (7200 volts)2 
impedance at 180 hertz: 
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-106 
Xc = ~--~~--~~~----~~ 2 X II X 180 hz X 252 = -3.51 ohms 
X = -3.5 ohms x 18000 kVA = -0.406 per unit 
c (12.47 kV)2 X 1000 
Figure 11 shows the zero sequence equivalent circuit of the 
system with the 12.47 kV shunt capacitors lumped together and 
the 12.47 kV circuit impedance neglected to obtain worst case 
conditions. A grounded wye - grounded wye connection is assumed 
with the low side neutral reactance added per Table II. Figure 
11 shows that for the assumed impedances, 0.0038 per unit current 
(0.86 amperes) would flow in the 138 kV transformer neutral and 
0.0007 per unit current (1.75 amperes) in the 12.47 kV neutral. 
The current in the 12.47 kV system would be divided between all 
feeders (as many as five) connected to the bus supplied by the 
transformer. It would be difficult to verify this calculation by 
test because the applied voltage is not a pure sine wave but con-
tains harmonics as a result of exciting other transformers con-
nected in the 138 kV system. But the method does serve the pur-
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pose of determining the general magnitude of the current involved. 
The magnitude of ninth harmonic current will be, at most, 
one sixth the third harmonic since the exciting current contains 
at most only 10% ninth harmonic versus 60% third harmonic. 
2. Unbalanced Loading 
One of the advantages of using a grounded wye connection to 
supply loads is the dollar saving in being able to connect loads 
phase-to-neutral. However, if the total phase-to-neutral loads 
of each phase are not equal, unbalance or zero sequence current 
returns to the transformer neutral by various ground paths, i.e. 
ZERO SEQUENCE REFERENCE 
0.018 X 3 
=0.054 







NOTE : VALUES IN PER UNIT ON 18 MVA BASE AND 180 HERTZ 
Figure 11. Distribution of Third Harmonic Portion of Transformer Exciting Current 
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neutral wire, earth, shield wires. This is sixty hertz funda-
mental current, not third harmonic current as previously dis-
cussed. One responsibility of the distribution engineer is to 
maintain a balanced system by connecting single phase loads so as 
to balance each phase of the distribution feeder. By doing this 
the transformer capacity is fully utilized, the neutral wire can 
be relatively small and the proble~ ground currents cause can be 
minimized. 
Unbalanced loading becomes important in the selection of a 
transformer connection in that for connections without a delta 
winding, essentially all the unbalanced current will appear in 
the 138 kV system. In connections with delta windings, the un-
balanced 12.47 kV current returning to the transformer neutral 
may not appear at all in the 138 kV system, such as with the un-
grounded wye-grounded wye with delta tertiary, or part may appear 
in the 138 kV system and part in the tertiary such as with the 
grounded wye-grounded wye with delta tertiary. 
The unbalanced current appearing in the 138 kV system can be 
analyzed by the method of symmetrical componentso Table V shows 
the analysis of an unbalance 12.47 kV load condition measured on 
the Union Electric system. This load condition is analyzed for 
both a delta and a grounded wye 138 kV connection. It should be 
noted that the magnitude of negative sequence current in the 
138 kV system is not affected by the transformer connection. The 
138-12.47 kV transformer connection will not add any more nega-
tive sequence current to the system than the existing 34.5-12.47 
kV delta-wye transformers do. However, the connections with the 
TABLE V 













Phase Currents in Amperes 
12.47 kV System 
Low Voltage Winding 
Grounded Wye 
-125 + j 216.5 
-125 - j 216.5 
400 + j 0 
150 + j 0 
-150 + j 260 
-25 - j 43 
50 + j 0 
138 kV System 
High Voltage Winding Connection 
Delta Grounded Wye 
0 + j 25.4 
- 30 • 3 - j 12 • 7 
30.3- j 12.7 
0 + j 30.4 
. 0 - j 5 
0 
-12.5 + j 21.7 
- 12 • 5 - j 21. 7 
40 + j 0 
15 + j 0 
-15 + j 26.3 = 30.4 
-2.5 - j 4.3 = 5 
5 + j 0 
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grounded wye 138 kV winding will make the zero sequence portion 
of the 12.47 kV unbalanced current appear in the 138 kV system 
with consideration for the turns ratio. The magnitude of the 
current unbalance shown in the analysis is indicative of the 
magnitude of unbalance found on the Union Electric system. The 
practice is to maintain less than a 50 ampere spread high phase 
to low phase on each feeder. This would mean that a bus with a 
maximum of five feeders could have 250 amperes in the transformer 
12.47 kV neutral. Considering the turns ratio this would be 
approximately 25 amperes in the 138 kV neutral if there were no 
tertiary winding. This 25 amperes would disperse in the 138 kV 
system, returning to various zero sequence sources by the earth, 
static wires and other ground paths along the transmission lines. 
If the 138 kV winding were connected delta or ungrounded wye 
none of the unbalance zero sequence current would appear in the 
138 kV system but would circulate in the delta windings. In the 
12.47 kV system the unbalanced load current will not be affected 
by the 138 kV connection used and the magnitude of unbalance on 
a distribution feeder will be the same as if supplied from an 
existing 34.5-12.47 kV substation. 
B. Communication Circuits 
The current in power system neutrals, static wires and the earth 
is a potential source of trouble for parallel communication circuits. 
It has just been shown that non-fault current in the neutrals can con-
sist of both 60 hertz currents due to unbalanced loading and zero 
sequence harmonic currents due to the non-linear characteristics of 
the system. 
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Telephone circuits are relatively noise insensitive to funda-
mental (60 hertz) and third harmonic (180) hertz frequencies which 
predominate in power systems. This is discussed in some detail in 
reference 2. Figure 12 shows how the telephone influence factor (TIF) 
has changed over the years. The factor TIF is a dimensionless index 
of the relative interfering effect of various frequencies of noise. 
The curves indicate a continual reduction in the influence of 800 to 
1200 hertz frequencies and an increase in the influence of higher 
frequencies. The 60 and 180 hertz frequencies have relatively no 
noise influence. 
In the metropolitan St. Louis area most telephone circuit pro-
blems arise because of ground current flowing in cable sheaths and 
bonding, not because of noise frequency induction.l3 This is because 
open wire circuits have been replaced with shielded cable construction. 
It must now be decided if the additional neutral current, caused by 
different transformer connections, will be of sufficient magnitude to 
cause problems in the sheaths and bonding. 
There will not be a change in the 12.47 kV 60 hertz neutral cur-
rents regardless of the transformer connection used. The 50 ampere 
neutral current per feeder now used as maximum for distribution cir-
cuit design will continue to apply. This current flows not only in 
the neutral conductor of each feeder but also in other parallel ground 
paths, such as static wires, cable sheaths and earth. For transformer 
connections with the neutral of the 138 kV winding grounded, the 25 
amperes 138 kV neutral current will flow in similar ground paths par-
allel to the 138 kV line. Based on Union Electric's successful ex-
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Figure 12. Telephone Influence Foetor 2 
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distribution circuits, the 25 amperes maximum neutral current for the 
138 kV circuits should not be a problem. The 138 kV circuits are 
never built on the same structure with communication circuits while 
12.47 kV circuits are quite often joint-use. 
When compared to the 60 hertz neutral currents, the third bar-
monic (180 hertz) current of 0.86 amperes, calculated to flow in the 
138 kV neutral and 1.75 amperes in the 12.47 kV neutral are insignif-
icant and can be ignored. The other zero sequence harmonics (ninth, 
fifteenth, etc.) are smaller yet and can likewise be ignored. 
To summarize, a grounded 138 kV neutral connection will affect 
communication circuits only by the addition of approximately 25 amperes 
60 hertz neutral current in the 138 kV system. Since the 250 amperes 
12.47 kV neutral current has not caused proble~, the 25 amperes worst 
case 138 kV neutral current will not either. 
C. Tank Heating 
Tank current and the resulting tank heating can be caused by the 
unbalanced loading of grounded wye-grounded wye connected transformers 
that do not have a delta connected tertiary winding. The amount of 
current flowing in the tank can be approx~ted by determining the 
current flowing in the ZMO branch of the transformer zero sequence 
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equivalent circuit. For connections with a delta tertiary winding, 
the current in the ZMO branch is current circulating in the tertiary 
winding thus tank current is minimized. 
The zero sequence current ampere-turns resulting from the unbal-
anced current in the low voltage winding must be balanced with ampere-
turns in other windings. This will be largely taken care of by the 
high voltage winding but, if a delta tertiary is not present, the tank 
will function as an equivalent winding to provide the additional zero 
sequence ampere-turns required. 
Figure 13a shows the zero sequence equivalent circuit for deter-
mining the tank current. The current distribution is determined on a 
per unit basis. 
10 -= 250 = 3 
For a 250 ampere unbalance: 
83.33 amperes or 0.10 per unit on an 
18 MVA, 12.47 kV base 
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The per unit current in the ZMo branch is determined by the rela-
tive impedances of the two branches. To find the actual current the 
base current of the tank must be determined. The tank base voltage is 
found from the transformer volts per turn. Data from one manufacturer 
indicates approximately 72 volts per turn for a 139.2 - 13.2 kV trans-
former.l4 Since the transformer tank is effectively a one turn wind-
ing, the tank base voltage is 72 volt and the tank base current is: 
1 • 18,000 kVA = 83,333 amperes 
0.072 kV X 3 
Knowing the tank base current» the tank current in amperes as 
shown in Figure 13b is obtained from the per unit current distribution. 
The tank current varies with system z0 and is shown for the minimum 
and maximum transformer ZMO obtained from the manufacturer's data. 
The result of this tank current is to increase the tank temper-
ature. This could cause paint damage, personal injury or affect 
transformer performance. The amount of heat from the tank current 
can be determined by calculating the I 2R loss. The resistance is 
determined from the equation: 17 
R. rl 
A 
ZERO SEQUENCE REFERENCE 
2 MO I ITANK z0 SYSTEM 
2 HO=O 
~ 10 = 0.10 PER UNIT 
a) Zero Sequence Equivalent Circuit for 









z 100 ~ 
0 
0.4 0.8 J.2 1.6 2 .0 2.4 
z0 SYSTEM, PERCENT 18 MVA BASE 
b) Relation of Tank Current to Z 0 SYSTEM for 2 50 Ampere Neutral Current. 
Figure 13. Determination of Tank Current 
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where R = resistance in o~ 
r • volume resistivity in ohms (m •• sq. mm.) 
L = conductor length in meters 
A = conductor cross-sectional area in square millimeters 
Steel has a maximum volume resistivity of 0.85 ohm (m., sq. mm.) 
at 100°C based on three percent conductivity.l7 
The approximate tank dimensions of an 18 MVA, 139.2 - 13.2 kV 
transformer are: 
Height a 3.5 meters 
Width • 4.0 meters 
Depth = 1.5 meters 
Wall thickness = 10 millimeters 
Using only vertical surfaces as the conducting path: 
Length L horizontally around tank = 11.0 meters 
Cross-sectional area A of tank wall • 35.000 sq. mm. 
Therefore: 
R = 0.85 ohms (m., sq.mm.) x 11.0 m. = 0.00027 ohms 
35,000 sq.mm. 
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From Figure 13b, 400 amperes is a reasonable maximum tank current 
to expect. The maximum watts loss due to tank current is: 
I2R a 4002 X Oo00027 - 43.2 watts 
which is very insignificant when compared to the overall transformer 
load losses of 50.000 watts or more. 
Therefore, the 250 ampere neutral current due to load unbalance 
will have no significant effect on tank temperature. 
The higher neutral currents caused by phase-to-ground faults will 
not be a problem because they occur infrequently and are removed 
quickly. The maximum phase-to-ground fault of 5700 amperes might pro-
duce a tank I2R loss of 27,000 watts but would last only 0.35 seconds 
before a circuit breaker would clear it. The load losses would also 
be proportionately increased during the fault. 
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VI. COST CONSIDERATIONS 
To determine the relative cost differences of each connection, 
the three manufacturers that provided impedance data also provided 
approximate cost information. 6 • 9 • 16 The base cost was taken as the 
cost of an 18/24/30 MVA, 139.2-13.2 kV transformer connected un-
grounded wye-grounded wye with delta tertiary as quoted to Union 
Electric in 1971. Table VI shows this data with the base cost of 100 
percent and costs of other connections relative to the base. The cost 
in dollars for the base was approximately $100,000 in 1971 and by 1974 
the cost had increased to approximately $135,000. 
The base cost connection is the maximum cost connection. The 
minimum cost connections are the grounded wye-grounded wye and the 
grounded wye-grounded wye autotransformer without tertiary. On the 
basis of cost savings of 9 to 21 percent either of these connections 
would be selected. 
As discussed previously each connection being considered will 
require a similar low voltage neutral reactor. The reactor cost would 
be similar for each connection and therefore need not be considered 
for comparison. The relaying equipment required will be identical for 
each connection and likewise need not be considered in the relative 
costs. 
Not previously discussed but another possible financial consider-
ation is the surge arrester requirement. Each connection can use a 
high voltage winding basic insulation level (BIL) of 450 kV protected 
by 120 kV arresters. This is standard practice on the Union Electric 
138 kV system. The low voltage winding in all cases will be 110 kV 
TABLE VI 
Relative Cost of Each Connection 
Winding Connection 
High - Low - Tertiary 
Ungrounded Wye - Grounded Wye - Delta 
Ungrounded Wye - Grounded Wye - None 
Grounded Wye - Grounded Wye - Delta 
Grounded Wye - Grounded Wye - None 
Delta - Grounded Zig Zag - None 
Autotransformer 
Grounded Wye - Grounded Wye - Delta 
Autotransformer 
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BIL protected by 9 or 10 kV arresters. Therefore, consideration of 
arresters in the relative cost is not necessary. 
Although it would be difficult to place a cost on less reli-
ability, it should at least be considered as part of the relative 
cost. It is reasonable to assume that the connection with fewer wind-
ings will be more reliable, other things being equal. This, of 
course, effectively adds some unknown future cost to connections with 
three windings. The delta-zig zag connection with its interconnected 
windings can be placed in the same reliability class with three wind-
ing connections. 
The use of autotransformers also raises questions of reliability. 
14 16 Two manufacturers, ' stated that, based on failure rates, they 
would recommend a conventional two winding transformer rather than an 
autotransformer even if savings in initial cost are realized. Union 
Electric's experience is limited because less than four percent of 
Union Electric's power transformers are autotransformers. 
VII. CONCLUSION 
The study shows that if the transformer to be used at Union 
Electric 138-12.47 kV substations does not have a delta connected 
winding: 
1. Relaying equipment requirements will not be affected. 
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2. Settings of transmission line overreaching instantaneous 
ground relays on pilot schemes will have to be checked to be 
sure they do not reach through the transformer. This will 
Dot compromise protection. Ground distance and instantaneous 
ground overcurrent relay settings may have to consider the 
transformer as a zero sequence source. 
3. Harmonic currents will be very small, particularly when com-
pared to the unbalanced load currents expected. 
4. Unbalanced load current in the 12.47 kV system will not be 
changed but this unbalanced current will appear in the 138 kV 
system at a magnitude of one tenth the 12.47 kV current. 
5. Communication circuits are not affected by the 12.47 kV un-
balanced current. It is doubtful they would be affected by 
the 138 kV unbalanced current. 
6. Unbalanced loading will not cause tank heating. 
Since a delta connected winding is not required, the most 
reliable least expensive connection should be used. This eliminates 
from consideration the three winding, the delta-zig zag and the auto-
transformer connections. Therefore the two winding grounded wye-
grounded wye connection without a tertiary winding is recommended for 
this application based on lower initial cost and better reliability. 
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